Transforming growth factor-β1 (TGF-β1) induces myofibroblast activation of quiescent aortic valve interstitial cells (AVICs), a differentiation process implicated in calcific aortic valve disease (CAVD). The ubiquity of TGF-β1 signaling makes it difficult to target in a tissue specific manner; however, the serotonin 2B receptor (5-HT 2B ) is highly localized to cardiopulmonary tissues and agonism of this receptor displays pro-fibrotic effects in a TGF-β1-dependent manner. Therefore, we hypothesized that antagonism of 5-HT 2B opposes TGF-β1-induced pathologic differentiation of AVICs and may offer a druggable target to prevent CAVD. To test this hypothesis, we assessed the interaction of 5-HT 2B antagonism with canonical and non-canonical TGF-β1 pathways to inhibit TGF-β1-induced activation of isolated porcine AVICs in vitro. Here we show that AVIC activation and subsequent calcific nodule formation is completely mitigated by 5-HT 2B antagonism. Interestingly, 5-HT 2B antagonism does not inhibit canonical TGF-β1 signaling as identified by Smad3 phosphorylation and activation of a partial plasminogen activator inhibitor-1 promoter (PAI-1, a transcriptional target of Smad3), but prevents non-canonical p38 MAPK phosphorylation. It was initially suspected that 5-HT 2B antagonism prevents Src tyrosine kinase phosphorylation; however, we found that this is not the case and time-lapse microscopy indicates that 5-HT 2B antagonism prevents non-canonical TGF-β1 signaling by physically arresting Src tyrosine kinase. This study demonstrates the necessity of non-canonical TGF-β1 signaling in leading to pathologic AVIC differentiation. Moreover, we believe that the results of this study suggest 5-HT 2B antagonism as a novel therapeutic approach for CAVD that merits further investigation.
Introduction
The lack of a therapeutic treatment for calcific aortic valve disease (CAVD) limits the clinical options available to patients, and this often results in physicians opting to delay surgical intervention until aortic valve (AV) replacement is absolutely necessary, leading to diminished AV function in the meantime. The development of a suitable therapeutic for CAVD depends on the ability to target the root etiology of the disease, which at the cellular level, is believed to be caused by activation of AV interstitial cells (AVICs) from a quiescent fibroblastic phenotype to a contractile myofibroblast phenotype characterized by the expression of smooth muscle α-actin (αSMA) and SM22α [1, 2] . Once activated, AVICs increase extracellular matrix deposition, leading to the fibrotic changes characteristic of the onset of CAVD [3] . End-stage CAVD is characterized by the formation of bone-like calcific nodules within stenotic leaflets, severely compromising the biomechanical integrity of the AV [4] . In order to develop a strategy to prevent CAVD, a more thorough understanding of the cellular signaling that leads to the subsequent tissue level changes involved in the progression of CAVD is needed to elucidate relevant therapeutic targets.
Transforming growth factor-β1 (TGF-β1) is highly expressed in diseased AV leaflets and has been the most extensively studied cytokine initiator of AVIC activation and CAVD [1, 4, 5] . TGF-β1 ligand binding at its type II receptor (TβRII) leads to recruitment and activation of the type I TβR, Alk5, which canonically elicits a wide variety of cellular processes by signaling through the transcription factors Smads 2 and 3 [6] . Many studies have also focused on non-canonical signaling pathways to explain the myriad of cellular responses induced by TGF-β1 ligand binding, and p38 MAPK pathways have been identified as key mediators of cellular processes such as cell migration and mesenchymal transformations [7] [8] [9] , which are characterized by upregulation of contractile elements similar to those identified in myofibroblast activation. In addition, recent studies have demonstrated that TGF-β1-induced phosphorylation of p38 in epithelial cells is dependent upon phosphorylation of TβRII by Src tyrosine kinase [10] .
Unfortunately, the ubiquity associated with its signaling makes direct inhibition of TGF-β1 a poor therapeutic strategy for CAVD. Further, the relative contributions of canonical and non-canonical TGF-β1 signaling in leading to myofibroblast activation of AVICs are unknown. Here, we were interested in studying the interaction between a specific G protein-coupled receptor (GPCR) highly localized to cardiopulmonary tissues, the serotonin 2B receptor (5-HT 2B ), with TGF-β1 signaling, and assessing the potential of targeting this receptor for prevention of CAVD. The motivation for this study stems from the finding that agonism of 5-HT 2B was the major culprit in the development of pathologic AV alterations that led to the recall of norfenfluramine, a popular drug used to treat obesity, and pergolide, a drug used to treat Parkinson's disease [11, 12] . 5-HT 2B agonists were found to lead to AVIC myofibroblast activation in a TGF-β1-dependent manner [13, 14] ; therefore, we hypothesized that antagonism of 5-HT 2B opposes TGF-β1-mediated myofibroblast activation of AVICs. In support of our hypothesis, antagonism of 5-HT 2B has been shown to induce anti-fibrotic responses in animal models of cardiac hypertrophy and pulmonary fibrosis [15, 16] ; however, the molecular mechanisms of this action remain unclear, and the ability of 5-HT 2B antagonism to directly inhibit TGF-β1-mediated myofibroblast activation of AVICs has not been examined. We believe that the results of this study may lead to novel therapeutic strategies for CAVD and should be studied further.
Methods

AVIC isolation and culture
AVICs were isolated from porcine valves obtained from a local abattoir by dissecting the valve cusps from the surrounding muscle and digested with collagenase. Isolated AVICs were then cultured at 37°C and 5% CO 2 on T-75 tissue culture treated flasks in cell growth media consisting of DMEM supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin antibiotic, and 1% amphotericin B antifungal. Previous studies have shown that AVICs retain phenotypic plasticity up to 10 passages after initial harvest [17] . We have observed phenotypic changes as early as 7 passages after harvest; therefore, we did not exceed this maximum limit and for this study, when AVICs ceased to respond to TGF-β1 treatment, as indicated by αSMA expression, they were excluded.
Antagonist and inhibitor treatments
For all assays of AVIC activation (αSMA and SM22α), AVICs were cultured in DMEM with 1% serum. For all assays of phosphorylation events, treatments were given in serum free DMEM. Unless otherwise noted, 1 μM 5-HT 2B antagonists (SB204741 and SB228357, both from Tocris) were added 30 min prior to the addition of 1 ng/ml active TGF-β1 (R&D Systems). SB204741 was chosen due to its high selectivity to 5-HT 2B (pK i = 7.95) compared to the closely related 5-HT 2A (pK i b 5.2) and 5-HT 2C (pK i = 5.82) receptors [18] . SB228357 is a mixed 5-HT 2B/2C antagonist that is orally active and has been shown to display inverse agonist properties [19] at 5-HT 2C . Given that 5-HT 2C receptors have been shown to be minimally expressed in AVICs [11] (supported by PCR data in our lab), we chose to use this as an additional 5-HT 2B antagonist in the present study. Concentrations of the antagonists were chosen to ensure maximum receptor binding based upon the pK i values given by the manufacturer and crude dose response analyses performed in our laboratory to determine efficacy and potency of TGF-β1 inhibition. Small molecule inhibitors of Alk5 (2 μM SB431542, Tocris), p38 (10 μM SB203580, Tocris), or Smad3 (10 μM SIS3, Sigma) were also added 30 min prior to TGF-β1 in appropriate samples.
AVIC viability and proliferation assay
AVIC viability was assessed using Calcein AM (Invitrogen) and propidium iodide (Invitrogen) stains. Calcein AM is cleaved by esterases within viable cells to exhibit a green fluorescence, and propidium iodide emits red fluorescence only after traversing the compromised plasma membrane of non-viable cells and binding to DNA. Therefore, viable cells were identified by green, but not red, fluorescence, and non-viable cells were identified by red, but not green fluorescence. A positive control was utilized to ensure efficacy of the viability assay by fixing AVICs with 3.7% formaldehyde to render them non-viable. To assess proliferation, AVICs were seeded at the same density and treated with one of the two 5-HT 2B antagonists. After 24 h, AVICs were harvested and counted. The harvested cell counts were then compared to non-treated controls to determine changes in proliferation.
Electroporation transfection protocol
AVICs were harvested via trypsinization and resuspended at 2 ×10 6 cells/ml in cytomix buffer supplemented with ATP and glutathione. This buffer is designed to mimic cytosolic composition in order to maintain cellular homeostasis during poration. This AVIC suspension was loaded into 4 mm electroporation cuvettes along with 20 μg of the plasmid to be delivered. AVICs were then subjected to an exponential decay electroporation protocol using a capacitance of 500 μF and a peak voltage of 350 V. Following electroporation, the cuvettes were placed on ice for 10 min to allow the AVICs to recover. After this recovery incubation, AVICs were resuspended in culture media and reseeded onto the appropriate growth surface.
Quantification of myofibroblast activation
AVICs were lysed with Cell Lytic M lysis buffer (Sigma) supplemented with protease inhibitor cocktail (Roche) and centrifuged to remove membrane components. The collected cell lysates were frozen at − 80°C for storage; each frozen cell lysate was thawed and assayed for total protein content using a standard Bradford Assay. αSMA was quantified using indirect ELISA after verifying antibody specificity by Western blotting. Briefly, 100 μl of 5 μg/ml cell lysate solution was adsorbed onto the bottom of 96 well plates by overnight incubation in a carbonate/bicarbonate buffer (pH 9.6). The high pH buffer reduces inter-protein interactions to give an even distribution of proteins within the wells. Non-specific binding sites on the well were blocked using 5% milk in phosphate-buffered saline (PBS) for at least 1.5 h at room temperature. Following this step, 100 μl of polyclonal antibody to αSMA (1:200 in blocking solution) was added to each well and allowed to incubate at room temperature for 1.5 h. After washing the wells 3 times with PBS, each plate was incubated for 1 h with a secondary antibody linked to a peroxidase enzyme. Subsequently, the plates were washed thoroughly with PBS to remove unbound secondary antibodies and each well will receive 100 μl of a detection substrate that reacts in the presence of peroxidase to give a product with a characteristic absorbance. The absorbance of each well was detected using a plate reader, and the αSMA content of each sample was compared to a standard curve created using αSMA peptide to calculate the concentration of αSMA in each sample.
SM22α has also been shown to be an early marker of smooth muscle-like differentiation [20] , and has been detected in diseased AV leaflets [2] . Therefore, we utilized a partial promoter to SM22α that was subcloned into a luciferase reporter plasmid (p-441SM22luc) as a measure of SM22α promoter activity [21] . This vector was introduced into AVICs via electroporation prior to the addition of GPCR antagonist or TGF-β1 treatments. Following electroporation, AVICs were seeded into 12-well plates and allowed to recover for 24 h. After 24 h of the prescribed treatment, AVICs were lysed using 200 μl reporter lysis buffer, and 20 μl of this lysate solution was added to a well of a 96-well plate. Luciferase activity was detected by adding 100 μl luciferase substrate to each well and recording the luminescent product using a plate reader.
Calcific nodule formation and detection
To study the effects of 5-HT 2B antagonism on calcific nodule morphogenesis as in [22] , AVICs were cultured in BioFlex® culture plates to 100% confluence on the growth surface. After reaching confluence, AVICs were treated with either 1 ng/ml TGF-β1 alone or in combination with 1 μM 5-HT 2B antagonist for 24 h. After this incubation period, the treatments were replaced with cell culture media and subjected to 15% cyclic strain at 0.75 Hz for 24 h. Following this strain regimen, calcific nodules were identified using Alizarin Red staining to assay for calcium phosphate deposition. AVICs were fixed in 3.7% formalin and 1 ml of Alizarin solution was added to each well for 30 min. The wells were then washed thoroughly with PBS and imaged with conventional microscopy. To ensure that the calcific nodules formed were due to an apoptosis-driven dystrophic process, we utilized an Annexin V/propidium iodide apoptosis assay as described previously [22] . Briefly, AVICs were rinsed with PBS and stained with Annexin V conjugated with Alexa fluor 488 (5% solution in Annexin binding buffer; Invitrogen) for 15 min to detect apoptotic cells. Propidium Iodide (0.4% solution in Annexin binding buffer; Invitrogen) was used as a counter-stain for necrotic cells. Apoptosis and necrosis images were taken after 24 h of mechanical strain using a fluorescence microscope (Nikon TE300 Inverted Tissue Culture Microscope).
Assays for canonical and non-canonical TGF-β1 signaling
AVICs were lysed in RIPA buffer either 15 min or 1 h after AVICs were treated with the prescribed treatment. Lysate solutions were centrifuged to remove lipid components, and total protein concentration was determined using a BCA protein analysis. All proteins were denatured by boiling the samples with β-mercaptoethanol, and gel electrophoresis was used to separate the proteins based upon size. Western blotting was then used to assay for pSmad3, pp38, pSrc, and pCas, and antibodies to the total protein of interest (i.e., both phosphorylated and unphosphorylated forms) were used to establish proper protein loading. PAI-1 promoter activity was also used to assay for canonical TGF-β1 signaling after 24 h of treatment. To assay for this activity, we utilized a partial PAI-1 promoter (p3TP-lux) subcloned into a luciferase reporter plasmid [23] . This plasmid was transfected into AVICs using the electroporation methods described above, and luciferase activity was assayed according to the methods detailed for SM22α promoter activity.
Src plasmids for AVIC transfection
To examine the effects of Src activity on AVIC phenotype, AVICs were transfected via electroporation with a vector to express a constitutively active version of Src whereby the autoinhibitory site, tyrosine 527, was mutated to express a phenylalanine residue [24] . Transfection of this mutated Src was verified using Western blotting. For real-time fluorescence imaging of Src trafficking within the cell, a wild-type Src plasmid fused to a mCherry fluorescent reporter was transfected into AVICs. Time-lapse images were collected using a spinning disk Nikon Eclipse TE-2000 confocal microscope equipped with a Photometrics Cascade 512B camera. Both Src plasmids were generous gifts from the laboratory of Irina Kaverina.
Statistical analyses
The data are reported as the mean of all replicates, and error is given as standard error of the mean (sample sizes b 30). For each experiment the reported n value indicates independent biological replicates. Statistical significance between treatments was determined by one-way ANOVA, and pairwise differences were identified using post-hoc Holm-Sidak testing.
Results
5-HT 2B antagonism inhibits AVIC activation and calcific nodule formation
Two structurally dissimilar antagonists to 5-HT 2B , SB204741 and SB228357, were examined for their ability to inhibit TGF-β1-induced myofibroblast activation in isolated porcine AVICs. Consistent with previous studies [1] , AVIC activation was induced by incubation with 1 ng/ml TGF-β1 for 24 h, exhibiting a two-fold increase in both αSMA protein expression and SM22α promoter activity (Fig. 1A ). Treating AVICs with 1 μM of either SB204741 or SB228357 for 30 min prior to and continuing during TGF-β1 incubation abrogates TGF-β1-induced myofibroblast activation of AVICs in the same manner as a direct inhibitor of Alk5. The data indicate that 5-HT 2B antagonism can prevent AVIC myofibroblast activation, an early event in CAVD, so we were also interested in assessing changes in calcific nodule formation, an endpoint in CAVD. Studies indicate that 83% of excised calcific AV leaflets from human patients are dystrophic [25] and appear to be driven by a TGF-β1-induced apoptotic mechanism [4] . Our lab has recently developed a model system that recapitulates the formation of dystrophic calcific nodules in vitro [22] ; AVICs treated with TGF-β1 for 24 h prior to the addition of 15% cyclic strain for 24 h form robust calcific nodules that are correlated with αSMA expression. These results are consistent with previous studies that have shown that αSMA expression is necessary for nodule formation by AVICs in static culture [26] and that TGF-β1 is required for the formation of nodules in mechanically strained excised aortic valve leaflets [27] . Here, AVICs were treated with either 1 ng/ml TGF-β1 or a combination of TGF-β1 and 5-HT 2B antagonist for 24 h prior to the addition of strain (Fig. 1B) . Calcific nodules were identified using Alizarin Red staining to detect calcium accumulations (Fig. 1C) , and as shown previously [22] , these nodules form via a dystrophic mechanism as indicated by an outer ring of apoptotic AVICs, as indicated by green fluorescent Annexin V, surrounding a red fluorescent propidium iodide stained necrotic core (Fig. 1D ). AVICs treated with 1 μM SB228357 or SB204741 form significantly fewer and less mature calcific nodules than the TGF-β1 treated positive control, and 10 μM SB204741 further reduces nodules while SB228357 completely inhibits the formation of any calcific nodules. It should be noted that the antagonist treatments did not affect AVIC viability (Fig. 1E) or proliferation (Fig. 1F) .
5-HT 2B antagonism prevents TGF-β1-induced p38 phosphorylation
The data indicate that antagonism of 5-HT 2B inhibits both myofibroblast activation of AVICs as well as calcific nodule morphogenesis in vitro. We were next interested in assessing the effects of 5-HT 2B antagonism on canonical TGF-β1 Smad signaling. Specifically, Smad3 signaling has been shown to direct a wide variety of TGF-β1-induced cellular responses through direct binding of these transcription factors to gene regulatory elements. Plasminogen activator inhibitor-1 (PAI-1) is one example of a protein that is expressed by Smad3 phosphorylation (pSmad3) and nuclear translocation across many cell types [23] . Thus, we used a plasmid construct with a partial PAI-1 promoter region (p3TP-lux) linked to expression of a luciferase reporter gene to assay for canonical TGF-β1 signaling. Interestingly, 5-HT 2B antagonism does not inhibit canonical TGF-β1 signaling as indicated by pSmad3 and PAI-1 promoter activity (Figs. 2A,B) . Due to the lack of canonical changes, we next assessed possible non-canonical interactions. Many studies have focused on non-canonical signaling pathways to explain the myriad of cellular responses induced by TGF-β1 ligand binding. Particularly, p38 MAPK pathways have been identified as key mediators of cellular processes such as cell migration and mesenchymal transformation [10, 28, 29] , which are characterized by upregulation of contractile elements similar to those identified in myofibroblast activation. TGF-β1 treated AVICs exhibit a 2.3-fold increase in p38 phosphorylation (pp38), which is completely inhibited by both 5-HT 2B antagonists (Figs. 2A,C) . Additionally, a p38 inhibitor mitigates TGF-β1-induced αSMA expression and SM22α promoter activity but does not significantly inhibit canonical PAI-1 promoter activity (Fig. 2D) . Similarly, p38 inhibition also prevents TGF-β1-mediated calcific nodule formation, while a specific inhibitor of Smad3 does not reduce the formation of calcific nodules by AVICs (Figs. 2E,F) . TGF-β1-mediated phosphorylation of p38 has recently been shown to be dependent upon phosphorylation of TβRII at tyrosine 284 by Src tyrosine kinase [10] . In addition, 5-HT 2B has been shown to activate platelet-derived growth factor receptors intracellularly via Src activation [30] . Given that 5-HT 2B antagonism prevents TGF-β1-mediated p38 phosphorylation, we expected an upstream inhibition of Src phosphorylation, which would prevent its interaction with TβRII. Therefore, we assessed the effect of TGF-β1 treatment and 5-HT 2B antagonism on Src phosphorylation at its active site, tyrosine 418 (pSrc). Treating AVICs with TGF-β1 leads to increased levels of pSrc in a manner that is abrogated by treatment with an Alk5 inhibitor, indicating that pSrc induction is downstream of Alk5 activation by TβRII after TGF-β1 ligand binding (Fig. 3A) . TGF-β1-induced pSrc peaks at 15 min post-stimulation and returns to near control levels after 1 h. Surprisingly, 5-HT 2B antagonism does not affect pSrc induction after 15 min of TGF-β1 stimulation (Figs. 3B,C) . In fact, 1 h treatment with SB228357 alone leads to a significant increase in pSrc, and the combination of either 5-HT 2B antagonist with TGF-β1 leads to a sustained activation of Src at 1 h. To assess changes in the downstream function of pSrc, we assayed for phosphorylation within the substrate domain of Crk associated substrate (pCas), a major downstream target of pSrc [31] . Interestingly, 5-HT 2B antagonism reduces pCas to below basal levels even in cases where pSrc is significantly increased (Figs. 3B,D) . This finding is unusual since increased Src phosphorylation typically results in increased pCas. Previous studies have shown that pCas serves as a negative regulator of canonical TGF-β1 signaling by inhibiting phosphorylation of Smad3 [32] . Therefore, we hypothesized that since 5-HT 2B antagonism appears to inhibit pCas, pSmad3 is not inhibited and canonical signaling is subsequently enhanced. This can be seen with increasing doses of 5-HT 2B antagonist in the presence of TGF-β1, which lead to progressive decreases in αSMA expression after 24 h, while canonical TGF-β1 signaling, as shown by PAI-1 promoter activity, is increased in response to the non-canonical inhibition (Fig. 3E) . To verify this counterintuitive response, we examined wild type mouse embryonic fibroblasts (MEFs) and MEFs with genetically deleted Src family kinases (Src, Yes, Fyn; SYF −/− ) when exposed to TGF-β1. As expected, SYF −/− MEFs exhibit significantly less SM22α promoter activity and significantly higher PAI-1 promoter activity compared to wild type MEFs (Figs. 3F,G) , indicating that Src function is important in non-canonical TGF-β1 signaling and is also involved in the suppression of canonical signaling. In AVICs, 5-HT 2B antagonism may alter the functionality of Src without directly affecting Src phosphorylation to decrease non-canonical but increase canonical TGF-β1 signaling. To examine this hypothesis, AVICs were transfected to express a constitutively active Src (caSrc), whereby tyrosine 527, the autoinhibitory Src phosphorylation site, is mutated to phenylalanine, thereby preventing phosphorylation at this site and the subsequent conformational change that inhibits Src kinase activity. Expression of caSrc significantly increases SM22α promoter activity in AVICs after 24 h independent of TGF-β1 ligand in the media and in a manner that is completely inhibited by 5-HT 2B antagonism (Fig. 3H) . Thus far, the data indicate that 5-HT 2B antagonism leads to a change in Src functionality, independent of Src phosphorylation. This subsequently prevents association with downstream substrates resulting in decreased Cas and p38 phosphorylation, thereby preventing TGF-β1-induced myofibroblast activation in AVICs. Recent studies suggest that endosomal trafficking and changes in the cellular localization of Src may affect its downstream signaling [33] . Therefore, we used confocal microscopy to assess changes in Src trafficking dynamics before and after 5-HT 2B antagonism. AVICs were transfected to express fluorescently-labeled wild-type Src (Figs. 4A-F) , and images were captured after 1 h of treatment once every 15 s for a total of 15 min. AVICs treated with dimethyl sulfoxide (DMSO) vehicle alone indicate free and rapid movement of the fluorescently labeled Src proteins within the cell (Video S1). A representative section of a DMSO-treated AVIC (Fig. 4B ) exhibits altered A, TGF-β1 treatment leads to increased Smad3 phosphorylation (pSmad3) after 15 min and p38 phosphorylation (pp38) after 1 h. 5-HT 2B antagonism inhibits TGF-β1-induced pp38 but not pSmad3. B, 24 h of TGF-β1 treatment leads to a five-fold increase in canonical PAI-1 promoter activity that is not inhibited by either of the 5-HT 2B antagonists (n ≥ 3). C, Average densitometry (n = 5) reveals a two-fold increase in pp38 after TGF-β1 treatment that is completely inhibited by 5-HT 2B antagonism. D, p38 inhibitor blocks TGF-β1-induced αSMA expression and SM22α promoter activity but not PAI-1 promoter activity. E, p38 inhibition blocks TGF-β1-induced calcific nodule morphogenesis but Smad3 inhibitor does not. F, Representative images indicate the presence of calcific nodules in AVICs treated with TGF-β1 alone or in combination with Smad3 or p38 inhibitors. All error bars indicate standard error of the mean. * indicates significant difference (p b 0.005) versus control. Scale bar = 250 μm.
spatial localization of three labeled Src proteins at 1 min and 1.5 min of imaging. To capture the overall Src kinematics across the entire cell an Eulerian approach was used whereby the change in intensity for each pixel is calculated over time as a representative measure of the movement of Src both within and out of the plane of focus. These values were then used to create a heat map of the image with red indicating a high degree of pixel intensity variation (i.e. Src movement) during the 15 min of imaging and blue indicating little variation over time (Fig. 4C ). AVICs treated with 1 μM SB228357 for 1 h (Fig. 4D ) exhibit little change in spatial localization of fluorescentlylabeled Src proteins over the course of 1.5 min (Fig. 4E) . Similarly, the Eulerian analysis of the 5-HT 2B antagonist treated AVIC ( 
Discussion
The major impact of this study is three-fold: 1) non-canonical p38, but not canonical Smad3, signaling is required for TGF-β1-mediated myofibroblast activation in AVICs, 2) non-canonical TGF-β1 signaling, and thus myofibroblast activation of AVICs, can be arrested by 5-HT 2B antagonism, and 3) 5-HT 2B antagonism physically restricts Src, preventing downstream signaling. The relative contributions of Smad3 and p38 signaling in AVICs were previously unknown. These data indicate that TGF-β1 signaling activates both canonical Smad and non-canonical p38 MAPK pathways, and in AVICs, both appear to depend on activation of Alk5 after ligand binding (Fig. 5A) . Previous studies have demonstrated that activation of Src and non-canonical signaling actually suppresses canonical TGF-β1 signaling [32] . Our results indicate that non-canonical signaling may play a more substantial role in driving myofibroblast activation of AVICs than canonical signaling. Inhibition of p38 was found to completely inhibit TGF-β1-induced upregulation of myofibroblast markers. Additionally, p38 inhibition prevented the formation of calcific nodules by AVICs, whereas inhibition of the canonical Smad3 pathway did not prevent TGF-β1-induced nodule morphogenesis. These results may elucidate new therapeutic targets (in addition to 5-HT 2B antagonists) that interact with p38 MAPK signaling to inhibit myofibroblast activation of AVICs by TGF-β1.
This study is also the first to indicate a direct interaction between a specific GPCR, 5-HT 2B , and non-canonical TGF-β1 signaling. Further, we have identified a novel signaling mechanism wherein a physical arrest of Src tyrosine kinase trafficking by 5-HT 2B antagonism prevents its association with the downstream substrate Cas (Fig. 5B) and likely TβRII, which prevents pp38 [10] . This action results in an inhibition of non-canonical p38 activation, which is necessary to induce AVIC myofibroblast differentiation, while simultaneously stimulating canonical Smad3 activation and resultant PAI-1 expression, which may be involved in the negative regulation of TGF-β1 activity [34] . PAI-1 inhibits the activation of the protease plasmin from plasminogen. Active plasmin degrades fibrin (a component of the ECM), and has been shown to lead to the activation of latent TGF-β1 [34, 35] . The major physiological purpose of TGF-β1-induced myofibroblast differentiation is ECM secretion and remodeling. PAI-1 may then work to inhibit further plasmin activation, thus preventing continued breakdown of the ECM and further activation of TGF-β1 and effectively turning off the ECM repair process. Therefore, enhanced canonical signaling due to 5-HT 2B antagonism may not be detrimental in vivo given the inhibition of non-canonical signaling and resulting decrease in cellular differentiation.
The action of physically arresting Src is most likely due to the stimulation of GPCR endocytosis -a process often involving pSrc [36, 37] -due to antagonist binding. These results also provide another potential example of interactions between G proteins and focal adhesion proteins such as Src to alter cytoskeletal function similar to recent reports [38] . We believe that the clinical implications of this study demonstrate the potential for 5-HT 2B as a druggable target for prevention of CAVD, and may also indicate the potential of targeting other GPCRs that are members of the Gαq family in a tissue-specific manner to prevent fibrosis. Interestingly, antagonists to another Gαq GPCR localized to cardiopulmonary tissues -namely, angiotensin II type 1 (AT 1 ) receptor blockers (ARBs) -have been successfully utilized in a clinical setting to inhibit excessive TGF-β1 signaling observed in Marfan's syndrome [39, 40] . Also of note, AT 1 and 5-HT 2B have been found to display a functional co-dependence in cardiac fibroblasts, whereby antagonism of one of these GPCRs completely inhibits the other GPCR [16] . Therefore, 5-HT 2B and AT 1 receptors may also share similar functionality in AVICs. Thus far, however, retrospective epidemiological studies have proven inconclusive on the effectiveness of ARB treatment in reducing CAVD outcomes. Early reports indicated that ARBs were ineffective in preventing the progression of CAVD in high-risk elderly patients [41] , but recent studies have presented a more optimistic view on the therapeutic impact of ARBs with patients exhibiting lower scores of AV remodeling [42] and decreased overall cardiovascular outcomes due to AV stenosis [43] . The discrepancy may be one of timing, as it may be important to begin therapeutic intervention at the earliest possible time to prevent the development of CAVD. As indicated in this study, 5-HT 2B antagonism prevents TGF-β1 myofibroblast activation of AVICs, which we believe to be one of the earliest events in the progression of CAVD. Future studies should consider the relative efficacy of 5-HT 2B antagonism and ARB treatments in preventing TGF-β1 effects in AVICs. The impact of the current study and future studies with ARBs would be greatly enhanced by in vivo validation; however, at this time there is no ideal animal model for CAVD that recapitulates human pathology. Therefore, to establish a more conclusive understanding of the therapeutic potential of Gαq antagonists, randomized controlled studies should be conducted to measure CAVD outcomes in patients taking already approved ARBs or 5-HT 2B antagonists.
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